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Abstract 
In the paper the influence of boundary conditions on the thermal response of selected steel members subjected to fire loads is investigated. 
Simply supported and restrained steel beams subjected to uniformly distributed load and fire accidental action are analysed using the 
standard ISO-fire curve. The iterative procedure to investigate critical temperature is used. At each increment of temperature the ultimate 
limit state is checked using the EC recommendation. The special attention is focused on axial action occurring due to thermal elongation. 
The illustrative examples show that, proper modelling of the beam’s boundary conditions plays an important role in describing and 
understanding the real behavior of elements in fire conditions. Moreover, beam’s boundary conditions can change structural response and 
result in reduction of critical temperature and fire resistance time. 
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1. Introduction 
Due to the fact, that steel is an material characterized by a drastic strength reduction in high temperatures, the fire 
resistance of the building is a very important issue. Ensuring the safety of people and materials in case of fire in such 
buildings is extremely important and it has become one of the most important tasks of designers [1]. The fire resistance of 
the building is expressed as the time in minutes, before the structure is destroyed. A single-storey buildings can be designed 
traditionally or according to the principles of fire safety engineering [2]. Conventional methods are relatively simple and are 
usually used to design buildings that require a low level of fire resistance. In (DIFISEK 2008 [3]) the conservative and the 
advanced method are widely discussed as well. The tabulated data is one of the simplified methods, which can be applied in 
two different situations. On the one hand, when the dimension of a structure is already known, it is used for verification. On 
the other hand, the method may be used for pre-design of a building. Next, for separate structural members i.e. columns and 
beams subjected to combined bending and axial compression with or without lateral buckling, the simple calculation models 
can be used. Compared to design method with tabulated data, the simple calculation models provide a much wider range of 
application and may be applied to both steel and steel and concrete composite members. The critical temperature method is 
the 3rd method used among simple calculation models given in Eurocodes 3 and 4. It is applicable only to uniformly heated 
steel sections of steel columns with or without passive fire protection, non-protected steel or composite beams and tensile 
members exposed to fire. The review of recent developments in terms of standard fires, and full-scale behavior of floors and 
complex structures in natural fires was provided by [4]. The most common practice is to apply standard ISO-fire curve, in 
case of advanced calculation of natural fire characteristic more realistic conditions in the fire zone can be considered [5]. 
The size of the fire load, the speed of heat and ventilation rate play an important role in calculations of the intensity of a fire. 
The characteristics of a natural fire include ignition phase at very low temperature, a growing phase called pre-flashover, 
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when the fire remains localized up to a possible flashover, next a post flashover phase for which the duration depends on the 
fire load and the ventilation, finally a decreasing phase. A parametric natural fire model for the structural fire design of 
multi-storey buildings was discussed by [6]. The model based on simulations with heat balance taking into account the 
boundary conditions of typical compartments in residential and office buildings was presented. The authors carried out a 
validation of the proposed model by comparing the results of different heat balance models The effects of axial load and 
bending moments in two directions in fire condition were analyzed by [7]. The authors carried out numerical calculation 
based on standard fire conditions and natural fire curves using Ozone and SAFIR software. They took into account different 
geometries, thermal characteristics of boundary walls, different fire loads and ventilation factors. 
In this paper the main interest is focused on the influence of boundary conditions on the thermal structural response. 
Typically single-storey beams are calculated as simply supported or restrained steel elements subjected to uniformly 
distributed load. In fire action, due to thermal elongation, additionally appeared an axial force, which in the case of 
restrained boundary condition caused the stress increase. In fact, in fire conditions the real characteristic of connection’s 
flexibility is changed and proper modelling of the beam’s boundary conditions plays an important role. There is a lot of 
investigation concerning this problem in literature. Kuo-Chen and company carried out experimental study of fire-resistant 
steel H-columns at elevated temperature. They pointed out that the failure mode of steel columns changed from inelastic 
global buckling at room temperature to local buckling at elevated temperature, due to the release of residual stress in fire. 
The influence of connection’s stiffness on the behavior of steel beams in fire was analyzed by [8]. The studies resulted in 
estimating the fire temperature for some connection details. Dwaikat, Kodur [9] proposed an approach accounts for the 
influence of beam geometry, load level, thermal gradients, and fire scenario. They pointed out that fire resistance of 
restrained steel beams is generally limited by deflection. In [10] a new, simplified design method for the restrained steel 
column calculating is presented. Using calibrated finite element method buckling and failure temperature of uniformly 
heated, axially restrained steel column is analyzed. The authors found out that buckling temperature refers to the 
temperature associated with the restrained column’s instability due to temporary increase of axial compression force. To 
express the reduction in column buckling- and failure-temperature some equations were proposed. According to the 
Eurocode 3 [18] mechanical properties and design methods depend on cross-section classes, the slenderness of each 
constitutive plate and compressive stress distribution [11]. Calculation procedures for the fourth class of cross-sections are 
more complicated due to local and distortional buckling, which result in decrease in load bearing capacity of the member 
[12-13]. 
2. Problem formulation 
The aim of the study is to determine the load bearing capacity of bending beam in fire situation for various static 
patterns, namely free and fixed ends of the beam. The influence of boundary conditions on the thermal response of selected 
steel members subjected to fire loads is the main interest of the authors. 
Simply supported and restrained steel beams subjected to uniform distributed load and fire accidental action are analysed 
using the standard ISO-fire curve and iterative procedure for critical temperature. At each increment of temperature the 
ultimate limit state is checked using the EC recommendation. In case of fixed ends of the beam an additional, axial force 
appears due to thermal elongation. 
Using standard linear elastic procedure to evaluate axial force resulting from thermal elongation, it is impossible to 
calculate the internal forces real values. Therefore, the problem is modelled using program Abaqus [14]. Both simply 
supported and both-sides fixed beam are modelled using beam finite elements according to Timoshenko beam theory (shear 
force influences beam’s deflection). In computation analyses both material and geometrical nonlinearities are taken into 
account. It means that degradation of yield stress and Young’s modulus are changing with respect to temperature and at 
each time of analysis equilibrium is calculated for the deflected shape of the beam. Thanks to that, all significant 
phenomena that have an influence on the internal state of forces are included. 
3. Calculation procedures 
The calculation of fire resistance of structures and elements should be based on the Eurocode 0 [15] and Eurocode 1 [16] 
on the basis of which are taken at the appropriate schema and load combination including fire load. According to Eurocode 
1 part 1.2. and Eurocode 3 part 1.2 [16-17]. in the design of the structure several aspects such as: fire scenario selection, 
setting fires corresponding calculation, the calculation of the temperature in the calculation of the structural elements and 
mechanical behaviour of structures exposed to fire must be taken into account. Eurocodes allow fire resistance to be 
established in any of three “domains”: 
• time (formula 2.1 Eurocode 3 part 1.2 [18]) – usually adopted with advanced calculation models 
 
, ,
, fi d fi requt t , (1) 
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• load resistance (formula 2.2 Eurocode 3 part 1.2 [18])  
 
, , , ,fi d t fi d tR E≥ , (2) 
• temperature (formula 2.3 Eurocode 3 part 1.2 [18]) 
 
,
Θ Θ
d cr d
 , (3) 
where: 
tfi, d  – fire resistance design value, tfi, requ – required fire resistance, Rfi, d,t – is the design value of a resistance in the fire 
situation, at time t, Efi,d,t – is the design effect of action in the fire situation, at time t, Θd – is  the design value of material 
temperature, Θcr,d – is the design value of the critical temperature. 
Load specification, under fire situation can be obtained by using a combination of loads using the following formula 
6.11b of Eurocode 0 [15]: 
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where: 
Gk,j – characteristic values of permanent actions, Qk,1 – characteristic leading variable action, Qk,I - characteristic values of 
accompanying variable actions, Ad – indirect thermal action due to fire induced by the restrained thermal expansion may be 
neglected for member analysis, Ψ1,1 – coefficient for frequent value of a variable action, Ψ2,i- coefficient for quasi-
permanent values of variable actions. 
The recommended factor Ψ1 and Ψ2 are given in tables A1.1 of Eurocode 0 [15] or could be modified in National Annex. 
The combination of mechanical actions during fire exposure shall be calculated as an accidental situation. Eurocodes 
describe how to determine the barring capacity depending on the class of the cross-section and stress distribution as it 
shown below. 
The ultimate limit state for flexural buckling can be calculated as: 
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where: 
χmin,fi – is the reduction factor for flexural buckling in the fire situation, 
ky,θ– is the reduction factor (relative to fy) for effective yield strength, 
γM,fi – is a partial safety factor for the relevant material properties, for the fire situation. 
Members in a Class 1 of cross-section should be analysed taking into account flexural and lateral torsional buckling. 
The design buckling resistance of compression members in Class 1, 2 or 3 cross-sections (Eurocode 3 [18]) can be 
calculated as: 
 
, , , , ,
 /b fi t Rd fi y y M fiN A k fθ= χ ⋅ ⋅ ⋅ γ , (6) 
where: 
Nb.fi.t.Rd - the design buckling resistance at time t of a compression member, 
χfi – is the factor for flexural buckling reduction in the fire situation, 
ky,θ – is the reduction factor from table Eurocode 3 [18] for the yield strength at the temperature Θ reached at time t. 
Bending members with Class 1, 2 or 3 cross-sections with uniform temperature (formula 4.8) [18]. 
 ,Θ, , ,0 ,[ / ]fi Rd Rd y M M fiM M k θ= ⋅ ⋅ γ γ , (7) 
where: 
Mfi,Θ,Rd – is the design moment resistance of the cross-section for a uniform temperature Θa at time t, 
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MRd – is the plastic moment resistance of the gross cross-section for normal temperature design, according to 5.4.5 of 
Eurocode 3 part 1.1 or the reduced moment resistance for normal temperature design, allowing for the effects of shear if 
necessary, according to 5.4.7. of Eurocode 3 part1.1 [18]; 
γM0 – partial factor for resistance of cross-sections whatever the class is; 
ky,θ – is the reduction factor for the yield strength at temperature Θ; 
MRd = Mpl,Rd – Class 1 or 2 cross-sections (Eurocode 3 part 1.1) [18]; 
MRd = Mel,Rd – Class 3 cross-sections. 
Bending members with lateral-torsional buckling: 
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where: 
Mb,fi,t,Rd – is the design buckling moment at time t of a laterally unrestrained beam with a Class 1 or Class 2 cross-section, 
χLT, fi– the coefficient for the lateral-torsional buckling in the fire design situation, 
ky,Θ,com – is the reduction factor from 3.2.1. for the yield strength of steel at the maximum temperature in the compression 
flange Θa,com reached at time t. 
According to the guidelines of the Eurocodes fire resistance evaluation of steel structures in fire conditions can be 
performed in two ways: by the critical temperature (which is most often used) or by simple mechanical models. This study 
analyses the critical temperature by iteration. The critical temperature is determined (Eurocode 3 part 1.2) after applying 
mechanical interactions [18]. 
After collecting loads according to Eurocode the critical temperature was determined using iterations method. The 
problem (task) should be applied to determine bending beam load capacity for various static patterns: free-ends and fixed 
ends of the beam. Additionally, the axial force should be taken into account in the calculation, which is examined in the case 
of bending of the compression. 
4. Comparative example 
The examples are carried out for 5 m long, hot-rolled steel IPE 330 cross-section for two cases of boundary conditions, 
namely simply supported and both side fixed beam. The uniform load qfi,Ed in a fire situation is equal to 7,99kN/m and an 
axial compression load Nfi,Ed is equal to 10,0kN. Assuming that the steel grade is 235,   
the cross section of the IPE 330 is Class 1. 
The critical temperature of both side fixed beam was calculated using two methods. In the first one indirect fire actions 
Ad are determined by calculating additional design axial force in the fire from: 
 
0
N E A t= ⋅ ⋅α ⋅ , (10) 
where: 
E is Young’s modulus of steel, A is cross-section area, 
α is coefficient of linear thermal expansion, to is a difference between the room temperature and the temperature in the fire 
situation. 
In the second method indirect fire actions Ad are ignored. Those approach is always used in practice.  
Symbols used in examples are presented in Table 1 and the last iterations are presented in Table 2. 
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                                                                 Table 1. Symbols 
qfi,Ed uniform load 
Θa steel temperature 
ky,Θ reduction factor for the yield strength 
kE,Θ reduction factor for the Young’s modulus 
λ non-dimensional slenderness 
Φ factor 
χ reduction factor for the flexural buckling 
μy factor 
ky factor 
Mcr elastic critical moment for lateral-torsional buckling 
λLt slenderness for lateral-torsional buckling at room temperature 
λLt,Θ slenderness for lateral-torsional buckling at fire temperature 
χLT reduction factor for the lateral-torsional buckling 
ΦLT factor 
μLT factor 
kLT factor 
μ degree of utilization 
N additional design axial force in the fire 
                Table 2. Last iterations 
 Beam 
Simply 
supported 
beam 
Both side fixed beam 
(with the additional design axial force 
in the fire situation) 
Both side 
fixed beam (without the additional  design axial force 
in the fire situation  
Θa 592°C 69°C 811°C 
ky,Θ 0,4948 1,000 0,1050 
kE,Θ 0,3332 1,000 0,0880 
λz 1,828 1,940 0,820 
λy 0,473 0,750 0,212 
Φz 2,765 1,025 1,100 
Φy 0,766 0,582 0,590 
χz 0,207 0,580 0,544 
χy 0,730 0,884 0,876 
μy -0,07 -0,12 -0,07 
ky 1,00 1,00 1,00 
Mcr 134,80kNm 134,80kNm 134,80kNm 
λLt 1,14 0,69 0,69 
λLt,Θ 1,39 0,69 0,75 
ΦLT 1,917 0,962 1,030 
χLT 0,309 0,612 0,577 
μLT -0,06 0,127 0,127 
kLT 1,00 1,00 1,00 
N 0,0kN 773kN 0,0kN 
μ 1,000 0,995 0,910 
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Results are presented in Table 3. 
Table 3. The critical temperature and the fire resistance time of simply supported beam and both side fixed beam constructed from an IPE 330 
Beam The critical temperature The fire resistance time 
Simply supported beam 592 °C 12 min 36s 
Both side fixed beam (with the additional design 
axial force in the fire situation) 
69 °C 1 min 40s 
Both side fixed beam (without the additional 
design axial force in the fire situation) 
811 °C 29 min 16s 
 
In the next part of the study the finite element static analysis of simply supported and fixed-end beam in fire conditions is 
carried out. 2D beam elements are used in both cases, so buckling and lateral torsional buckling phenomena are not taken 
into account. Internal forces and general state of stresses can be successfully modelled in this way as well as variation of 
boundary conditions. 
Figures 1-3 show graphically what happens both in simply supported and fixed beam during the ISO fire exposure. 
 
Fig.1. Shape and plastic zones for simply supported beam (upper) and both side fixed beam (lower) after 10 min of fire exposure (steel temperature 500 °C) 
 
Fig.2. Shape and plastic zones for simply supported beam (upper) and both side fixed beam (lower) after 20 min of fire exposure (steel temperature 725 °C) 
 
Fig.3. Shape and plastic zones for simply supported beam (upper) and both side fixed beam (lower) after 26 min of fire exposure (steel temperature 773 °C) 
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At this point, more specific analyses of both side fixed beam seem to be very important. When the supports are perfectly 
stiff, the normal force resulting from thermal elongation of the beam plays a significant role in internal state of forces. Only 
elastic analyses lead to massive mistakes in fire resistance calculations. Therefore, the above nonlinear elastic-plastic 
analyses are necessary. 
Figure 4 shows the variation of extreme stresses in a beam with respect to beam temperature. Up to 100 °C, the beam 
behaves in elastic way. Then, bottom fibres at the support and top fibres in the middle span reach yield stress due to the 
increase of axial compressive force (Fig.5). This is the moment, when the beam starts to deflect (Fig.6). 
The increase of axial force acts on eccentricity (beam’s deflection) and causes increase of the bending moment in the 
middle span of the beam (Fig.5). When the deflection reaches a significant value, the axial force starts to decrease, but 
simultaneously the deflection still increases. Thus the internal state of forces is a result of the combined axial force and the 
deflection. 
At about 500 °C the stresses at supports reach yield stress value and keep this value. Therefore, plastic hinges occurs. 
Deflection of the beam at middle span starts to increase faster (but not rapidly). The material at the support demonstrate 
plastic elongation due to tensile axial forces, which start to decrease previous compressive force. 
 
 
Fig.4. Stresses vs steel temperature at the 4 specified points of both side fixed beam 
 
Fig.5. Bending moment and normal force in the middle of the both side fixed beam according to steel temperature 
Figure 6 shows how rapid beam loses its stability when is statically determinable (simply supported) comparing to not 
statically determinable both side fixed. 
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Fig.6. Comparison of deflection of simply supported and both side fixed beam 
5. Conclusions 
In the paper it was shown that fixed-end beam tends to be very susceptible to damage in case of fire due to normal force 
caused by thermal elongation. In the case of IPE 330 beam cross-section the normal force increased more than 15kN per 1K 
(1 °C) of the element’s temperature. This leads to very rapid loss of load capacity, even at temperatures not higher than 
100 °C. In practice, the designers do not take that additional normal force into account, simplifying the calculations. In this 
way they can easily meet the requirements for fire resistance of unprotected steel elements. However, this approach may 
become dangerous, because it leads to overestimated fire resistance. Whereas, supporting elements of the real structures 
deform during the fire actions and caused modification of the boundary conditions. In consequence, the additional normal 
force is less than force, calculated directly from the beam theory. Based on the conducted analyzes, it was assumed that real 
critical temperature is located between critical temperatures obtained from simplified calculation, 69 °C – full restraint and 
811 °C – simply supported beam. In the paper nonlinear finite element method in the fire conditions was used to evaluate 
the critical temperature and fire resistance time, taking into account elastic-plastic material model and redistribution of 
internal forces caused by geometrical factors. Moreover, the change of static scheme was reached. Based on FEM 
simulation, the damage of simply supported beam was observed after 26 minutes of fire exposure at temperature 773 °C. 
This damage mechanism was due to presence of plastic hinge in the middle span of the beam. Comparing FEM results with 
EC calculation one should take into account, that buckling coefficients reduce significantly the overall bearing capacity of 
an element. Keeping in mind that FEM analysis was only static and the buckling coefficient has reduced the bearing 
capacity by half, the results obtained from MES and EC calculations remain in agreement. 
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